We report on a GaN metal-oxide-semiconductor high-electron-mobility-transistor ͑MOS-HEMT͒ using atomic-layer-deposited ͑ALD͒ Al 2 O 3 as the gate dielectric. Compared to a conventional GaN high-electron-mobility-transistor ͑HEMT͒ of similar design, the MOS-HEMT exhibits several orders of magnitude lower gate leakage and several times higher breakdown voltage and channel current. This implies that the ALD Al 2 O 3 /AlGaN interface is of high quality and the ALD Al 2 O 3 /AlGaN/GaN MOS-HEMT is of high potential for high-power rf applications. In addition, the high-quality ALD Al 2 O 3 gate dielectric allows the effective two-dimensional ͑2D͒ electron mobility at the AlGaN/GaN heterojunction to be measured under a high transverse field. The resulting effective 2D electron mobility is much higher than that typical of Si, GaAs or InGaAs metal-oxide-semiconductor field-effect-transistors ͑MOSFETs͒. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1861122͔
One of the major factors that limit the performance and reliability of GaN high-electron-mobility-transistors ͑HEMTs͒ for high-power radio-frequency ͑rf͒ applications is their relatively high gate leakage. The gate leakage reduces the breakdown voltage and the power-added efficiency while increasing the noise figure. To help solve the problem, significant progress has been made on metal-insulatorsemiconductor high-electron-mobility-transistors ͑MIS-HEMTs͒ and metal-oxide-semiconductor high-electronmobility-transistors ͑MOS-HEMTs͒ using SiO 2 , 1-5 Si 3 N 4 , 6, 7 Al 2 O 3 8,9 ͑formed by electron cyclotron resonance plasma oxidation of Al͒, and other oxides. 10 However these gate dielectrics and their associated processes may not be readily scalable for low-cost and high-yield manufacture. Atomic layer deposition ͑ALD͒ is a surface controlled layer-by-layer process for the deposition of thin films with atomic layer accuracy. Each atomic layer formed in the sequential process is a result of saturated surface controlled chemical reactions. The thickness control of the ALD films thus scalability is much superior than those of the plasma-enhanced-chemicalvapor-deposition ͑PECVD͒ grown SiO 2 and Si 3 N 4 . The quality of the ALD Al 2 O 3 is also much higher than those deposited by other methods, i.e., sputtering and electron-beam deposition, in terms of uniformity, defect density and stoichiometric ratio of the films.
In this letter, we report on a GaN MOS-HEMT with atomic-layer-deposited Al 2 Figure 1 shows the cross sections of an ALD Al 2 O 3 /AlGaN/GaN MOS-HEMT and a conventional AlGaN/ GaN HEMT of similar design. A 40 nm undoped AlN buffer layer, a 3 µm undoped GaN layer, and a 30 nm undoped Al 0.2 Ga 0.8 N layer were sequentially grown by metal-organic chemical vapor deposition on a 2-in. sapphire substrate. After these layers were grown, the wafer was transferred via room ambient to an ASM Pulsar2000™ ALD module. A 16-nm-thick Al 2 O 3 layer was deposited at 300°C then followed by annealing at 600°C per 60 s in oxygen ambient. Device isolation was achieved by nitrogen implanatation. Using a wet etch in diluted HF, the oxide on the source and drain regions was removed while the gate region was protected by photoresist. Ohmic contacts were formed by electron-beam deposition of Ti/Al/Ni/Au and a lift-off process, followed by an 850°C anneal in a nitrogen ambient, which also activated the previously implanted nitrogen. Finally, Ni/Au metals were e-beam evaporated and lifted off to form the gate electrodes. All four levels of lithography ͑alignment, isolation, Ohmic, and gate͒ were done by using a contact aligner. The sheet resistance of the source/drain regions and their contact resistances were measured to be 700 ⍀/sq. and 4.0 ⍀ mm, respectively. The gate lengths, L g , of the measured devices are 0.65, 1, 5, and 10 µm. The gate width, W g , is 100 µm. The relatively long gate length ͑i.e., 5 and 10 µm͒ is necessary for accurate characterization of the effective 2D electron mobility at the AlGaN/GaN heterojunction, in order to reduce the error in extracting the series resistance. The sourceto-gate and the gate-to-drain spacings are 2 µm. Figure 2͑a͒ shows the C-V characteristics measured at 1 MHz on gate capacitors of both the MOS-HEMT and HEMT structures. Using a dielectric constant AlGaN = 8.8 ͑Ref. 2͒ and a zero-bias capacitance C HEMT = 21 pF, the AlGaN layer thickness of the HEMT is estimated to be 29 nm, which is within 3% of the design value of 30 nm. The Al 2 O 3 thickness d OX is estimated to be 10 nm by using the following equation: 1
where C MOS-HEMT = 16 pF is the zero-bias capacitance of the MOS-HEMT, C OX = 0 · OX A / d OX , 0 is vacuum permittivity, OX = 10 is the dielectric constant of ALD Al 2 O 3 , and A = 8000 m 2 is the capacitor area. The estimated oxide thickness is significantly less than the design value of 16 nm, probably due to oxide compression by high temperature annealing or cleaning before the gate metal deposition. The transition from depletion to accumulation in the C-V characteristic of the MOS-HEMT is as sharp as that of the HEMT, which demonstrates the high-quality interface between Al 2 O 3 and AlGaN. Figure 2͑b͒ shows that the gate leakage of the MOS-HEMT is generally lower than that of the HEMT. Specifically, under a positive gate bias V gs =2 V, the gate leakage current density of the MOS-HEMT is more than six orders of magnitude lower than that of the HEMT. The HEMT cannot be biased greater than 2 V. By contrast, the forward two-terminal breakdown voltage of the MOSHEMTs is approximately 12 V. Using a breakdown field of 1.3 MV/cm across the 30 nm AlGaN layer, the breakdown field across the 16 nm Al 2 O 3 layer is estimated to be greater than 5 MV/cm. This verifies the high quality of the ALD Al 2 O 3 . Figure 3 shows that the I-V characteristics of the MOS-HEMT are well behaved over a drain bias V ds of 0 to 100 V and a gate bias V gs of Ϫ4 to 6 V. The pinch-off voltage is consistently Ϫ4 V. The maximum drain current density Figures 4͑a͒ and 4͑b͒ illustrate the saturated ͑V ds =10 V͒ drain current density and intrinsic transconductance g m as a function of gate bias for both the MOS-HEMT and the HEMT. The drain current density of the HEMT is limited to 190 mA/mm at V gs = 2 V. By contrast, the drain current density of the MOS-HEMT is 450 mA/mm at V gs = 8 V and can be further increased under higher V gs . The combination of higher breakdown voltage and higher drain current imply that the output power of the MOS-HEMT can be much higher that of the HEMT. Using I ds / W g = e · n s · v sat = 450 mA/ mm and a saturated velocity v sat =5ϫ 10 6 cm/ s, the sheet carrier density n s is estimated to be 6 ϫ 10 12 /cm 2 , which is within the range of values commonly observed for the heterojunction between undoped Al 0.2 Ga 0.8 N and GaN. The present AlGaN/GaN heterojunction is of such high quality that a strong accumulation current I acc exists which allows I ds / W g to increase from 100 to 450 mA/mm when V gs is increased from 0 to 8 V. This enables us to measure the effective 2D electron mobility eff at the AlGaN/GaN heterojuction under high electron density and high transverse field for the first time. The 2D electron mobility is governed by Coulomb scattering and phonon scattering under low transverse field. It is dominated by interface roughness scattering and phonon scattering under strong accumulation. By measuring I ds versus V gs at V ds = 0.1 V, we extracted the intrinsic normalized channel resistance R ch = V ds · W g / I acc · L g with better than Ϯ5% accuracy. The eff can then be calculated according to
where V Gi is the zero-current intercept of V gs extrapolated from the point of inflection of the I ds versus V gs characteristic. 16, 17 Figure 5 plots eff versus the effective electric field E eff , with E eff calculated according to
where the dielectric constants of GaN GaN is taken to be 12.2 and the thickness of the AlGaN layer d AlGaN is 30 nm. The resulted mobility of 1200 cm 2 / V s under low transverse fields is consistent with the value obtained from the Hall measurement. The mobility of 640 cm 2 / V s under a high transverse field of 0.6 MV/cm is much higher than 400 cm 2 / V s, the universal mobility of Si MOSFETs under the same field. 18 It is also higher than the surface mobility of GaAs or InGaAs MOSFETs we observed earlier. 15 Such an improvement can be attributed to the higher quality of the AlGaN/GaN semiconductor-semiconductor interface than that of the oxide-semiconductor interfaces. 13 The C-V measurement and the frequency dispersion of transconductance measurement indicate that the midgap interface trap density of this material system is at the range of 10 11 -10 12 /cm 2 eV. The high quality of interfaces or the low interface trap densities are further verified by the excellent ac characteristics of GaN MOS-HEMTs, i.e., the small signal rf performance, the load-pull rf power measurements, and the pulsed drain characteristics of the devices. 19 In summary, ALD Al 2 O 3 was proven to be an excellent gate dielectric for GaN MOS-HEMTs. The present MOS-HEMT exhibits favorable characteristics when compared to GaN HEMTs. The present MOS-HEMT shows low leakage current, high breakdown voltage, strong accumulation, and high effective 2D electron mobility under both low and high transverse fields. These characteristics imply excellent potential of the ALD Al 2 O 3 /AlGaN/GaN MOS-HEMT for highpower rf applications.
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